Tobacco (Nicotiana tabacum var Havana Seed) leaf discs were supplied tracer quantities of pyruvate for 60 minutes in steady state photosynthesis with 21% or 1% 02, and the glycolate oxidase inhibitor cr-hydroxy-2-pyridinemethanesulfonic acid was then added for 5 or 10 minutes to cause glycolate to accumulate. The [3-'4CJpyruvate was converted directly to glycolate as shown by a 50% greater than equallabeled 14C in C-2 of glycolate, and the fraction of 14C in C-2 increased in 1% 02 to 80% greater than equal-labeled. This suggests the pathway using pyruvate is less 02-dependent than the oxygenase reaction producing glycolate from the Calvin cycle. The formation of glycolate from pyruvate in the leaf discs was time-dependent and with [2-'4C]-and [3-'4Clpyruvate supplied leaf discs the C-2 of glyoxylate derived from C-2 of isocitrate was labeled asymmetrically in a manner similar to the asymmetrical labeling of C-2 of glycolate under a number of conditions. Thus glycolate was probably formed by the reduction of glyoxylate. Isocitric lyase activity of tobacco leaves was associated with leaf mitochondria, though most of the activity was in the supernatant fraction after differential centrifugation of leaf homogenates. The total enzyme activity was at least 35 micromoles per gram fresh weight per hour. The relative contribution of the pathway to the glycolate pool is unknown, but the results support the existence of a sequence of reactions leading to glycolate synthesis during photosynthesis with pyruvate, isocitrate, and glyoxylate as intermediates.
The biosynthesis of glycolate by C3 leaves during photosynthesis occurs largely from the oxygenase reaction associated with ribulose-1,5-bisP carboxylase activity that produces P-glycolate (2) which is converted to glycolate by a phosphatase located in the chloroplast (8) . Glycolate is then further metabolized to generate CO2 produced during photorespiration (8, 13, 22) . This mechanism is attractive because in general terms it clearly explains the well known inhibition of CO2 fixation by 2, although the question of whether all of the glycolate is synthesized by this mechanism is more difficult to answer with certainty. Several authors argue that there is substantial evidence that it is probably the sole mechanism of glycolate formation (12, 13) .
It is difficult to establish that this is the exclusive mechanism in vivo using 1802 incorporation into glycolate because other reactions may also incorporate 1802 into glycolate, and because of dilution by photosynthetically generated 1602. A relative enrichment of at least 59% was reported in some experiments (1) . It is often stated (12, 17) that experiments with a mutant of Arabidopsis that is lethal in normal air and has less than 5% of normal P-glycolate phosphatase activity provide compelling evidence that P-glycolate is the major, or only, precursor of glycolate. In the presence of a suicide inhibitor of glycolate oxidase supplied through the roots, the Arabidopsis mutant accumulated P-glycolate greatly and glycolate only slightly, hence the above conclusions (17) . This mutant, as well as a similar mutant of barley (5) produces little glycolate, serine, or glycine when provided with 14CO, in 21% O,. The inhibition in these mutants of the alternative pathway of serine synthesis from P-glycerate (11) confirms the occurrence of additional metabolic disturbances. It is also well known that P-glycolate is a potent inhibitor of triose phosphate isomerase and the Calvin cycle (5) , hence the mutant that accumulates P-glycolate has considerable shortcomings as an experimental tool for evaluating alternative sources of glycolate synthesis.
Although it is well known that 14CO produced essentially equally labeled glycolate during photosynthesis. I previously presented evidence that supplying tobacco or maize leaf discs with [2-14C] glyoxylate or [3-'4C] pyruvate produced glycolate labeled predominantly in C-2 (25) , showing it did not arise by CO, fixation. Labeled glyoxylate will be converted directly to glycolate by reactions catalyzed by glyoxylate reductases (10, 28) , and experiments on the stereochemical incorporation of 3H,O into glycolate raised the possibility that the reduction of glyoxylate can provide another source of glycolate (14) . I previously suggested (25) that the incorporation of [3-14C] pyruvate into C-2 of glycolate could occur by way of conversion to isocitrate and the action of isocitrate lyase (EC 4.1.3.1) to generate glyoxylate ( Fig.  1) , although direct evidence for such a sequence of reactions was then lacking.
There are still few published reports about isocitrate lyase activity in leaves. The enzyme is found in glyoxysomes of plant tissue but not in leaf peroxisomes (6) . Godvari et al. (4) found inhibitors of the enzyme were present in leaf extracts, and after gel filtration with Sephadex to remove inhibitors, they showed activity in leaves of several species including tobacco (0.54 ,umol/ mg protein-h). Hunt and Fletcher (7) used Sephadex filtration to remove low mol wt inhibitors in extracts of young pea leaves and established a mitochondrial location for the enzyme based on co-migration with cytochrome oxidase in density gradient centrifugation. The activity was low (1 gmol/g fresh weight.h).
In the present study the incorporation of [2- (23) . Net photosynthesis was measured and the specific radioactivity in C-2 of glycolate was determined and compared to the specific radioactivity of the pyruvate supplied. In one experiment the labeling of C-2 of isocitrate (that produces glyoxylate labeled in C-2 by the isocitrate lyase reaction) was examined. (23) . During treatment with a-HPMS, net photosynthesis was measured at least once. The experiment was terminated 5 or 10 min after the leaf discs were placed on the inhibitor solution by rapidly transferring the discs into 20 ml of boiling 20% ethanol containing 10 mm sodium bisulfite. The killed discs were ground in a Ten Broeck homogenizer, the suspension adjusted to 25 ml, and after a small sample was withdrawn to determine total radioactivity, the homogenate was centrifuged at 38,000g for 15 min Radioactivity was determined by scintillation counting using an external standard ratio method to determine efficiency. Samples were assayed in plastic vials containing 10 ml of scintillation fluid (Opti-Fluor, Packard Instrument Co.). Released '4CO2 during degradations was absorbed on paper wicks moistened with ethanolamine solution. The wicks were transferred to the scintillation fluid containing 0.1 ml of Protosol (DuPont NEN Research Products) to facilitate elution of radioactivity (24) .
Isolation of Glycolate and Isocitrate by Ion Exchange Chromatography and HPLC. Leaf extracts were passed through a column of Dowex-acetate anion exchange resin 0.7 x 6 cm, and after the neutral and basic compounds were eluted with water, elution was continued with 4 N acetic acid (23 (25) . Stepwise elution was continued with 4 N acetic acid, 2 N formic acid, and the citrate-isocitrate was collected in 20 ml of 4 N formic acid. Pyruvate would also normally be located in this fraction, but since a great excess of NaHSO3 was present in the killing solution it reacted with pyruvate to give an addition product that was in a fraction collected later by elution with 10 ml of 1 N HCl. The glycolate fractions were placed in a 45°C water bath, and the volume decreased to about 100 ,ul by blowing a stream of air on the surface. After clarification by microfiltration, the fraction was reduced in volume again to about 20 Al, and the glycolate was separated and purified by preparative HPLC using the Aminex column described above. The radioactivity and glycolate concentration were determined in the pure glycolic acid, and after it was degraded, the specific radioactivity in C-2 of glycolate was calculated.
The citrate-isocitrate fraction in 4 Glyoxylate produced by the isocitrate lyase reaction was isolated by preparative HPLC using the Aminex column system. The purified glyoxylate was degraded with ceric sulfate as described above in the glycolate degradation to obtain 14CO2 (from C-1) and "4C-formic acid (from C-2). These originally came from C-1 and C-2 of isocitrate, respectively (Fig. 1) . Control degradations of [1-14C] 6 ,000g for 10 min to obtain a fraction containing broken chloroplasts and peroxisomes. The resulting supernatant was then centrifuged at 38,000g for 10 min to obtain the mitochondrial fraction and final supernatant. Both residue fractions were suspended in about 3.0 ml of 20 mM MOPS (pH 7.5), 1 mM EDTA, and 7 mM 2-mercaptoethanol. The two particulate fractions and the supernatant liquid were sometimes dialyzed prior to assay (4) . Dialysis of each fraction was carried out in 50 volumes of 10 mM MOPS (pH 7.5), 1 mM EDTA, and 1 mM 2-mercaptoethanol with stirring at 11°C for 22 h.
The assays for isocitrate lyase activity were based on the method described in Jameel et al. (9) . The (Fig. 1) .
Asymmetrical labeling in glycolate was always observed when [3-14C] pyruvate was supplied to the leaf discs. The C-3 position is of course more slowly converted to 14CO2 during respiration than is C-2. In Table I 
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Discs were treated as in Table I with 1 mM K ['"Cjpyruvate (specific radioactivity 4.40 x 10" DPMvi-nol tor C-2 labeled pvrusate and 6.821'x 1(6 DPM/~imol for C-3 labeled pyruvate). The discs were then treated with 10 mM ox-HPMS. and 9 discs were removed after S min and the reiema.inine discs after 10 min in 21% 0°; discs in lfc 0°were kept on Q-HPMS solution for 10 min. ['4C ]glycolate found in C-2 is one-third less than the 50% that would be obtained from equal labeling. Perhaps [2-14C]pyruvate sometimes shows a tendency to label the C-1 of glycolate preferentially because '4CO, produced labels C-4 of oxaloacetate by the malic enzyme and malic dehydrogenase reactions, hence C-1 of isocitrate and C-1 of glyoxylate and glycolate become labeled more than 50% (Fig. 1). The ratio of the specific radioactivity of the [3-'4C]pyruvate supplied to the leaf discs compared to the specific radioactivity in accumulated [2-'4C]glycolate provides an indication of the efficiency of direct incorporation of the precursor into glycolate. I previously showed (25) that when 14CO0 in 21 % 02 was added to tobacco leaf discs this ratio was 1.6, and with [2-'4C]glyoxylate the ratio was 94. As expected, [3-'4C]pyruvate produced a lower ratio than [2-'4C]pyruvate indicating it was a more effective precursor of C-2 of glycolate in either 21% 02 or 1% 02 (Tables I  and III) . Lowering the 02 concentration from 21 to 1 % increased net photosynthesis (Tables 1, II , and III) and decreased the rate of glycolate accumulation (Tables II and III ). The effect of 02 concentration on the ratio with [3-'4C]pyruvate was variable. The ratio did not change in 1% 02 compared to 21% 0, when 10 mM a-HPMS was used (Tables I and III) , and was decreased when 20 mm a-HPMS was supplied (Table II) .
An experiment was conducted with 21 % 0 in which half the leaf discs exposed to 10 mm a-HPMS were killed after 5 min and the remaining discs after 10 min (Table III) . When [3-'4C]pyruvate was the substrate, 30% more glycolate was found in the discs treated 10 min with a-HPMS than after 5 min, and yet the specific radioactivity in C-2 of glycolate was 15% higher after longer exposure with the inhibitor. Finding a greater increase in the specific radioactivity in C-2 of glycolate in comparison with the increase in glycolate concentration shows that a time-dependent increase in glycolate synthesis from pyruvate occurred in the leaf discs.
The pattern of labeling in isocitrate was studied when [2-'4C]-or [3-14C]-pyruvate was added to leaf discs (Table III) since isocitrate was the presumed precursor of glyoxylate and hence glycolate (Fig. 1) . Many manipulations were required to isolate, purify, and degrade isocitrate as described under "Materials and Methods." About 100 dpm were recovered in the glyoxylate ultimately degraded, and a long counting time (100 min) was required to determine radioactivity accurately. Nevertheless, there was remarkably good agreement between the fraction of '4C found in C-2 of glyoxylate derived from ['4C]isocitrate and the fraction of '4C found in C-2 of glycolate under a number of different conditions. Both molecules were labeled asymmetrically in a similar manner, providing evidence in support of the biochemical pathway (Fig. 1) (4, 7) and have shown that enzyme inhibitors are present in leaf extracts.
Use of a more sensitive system (9) allowed smaller amounts of enzyme solution to be assayed and thereby minimized the effect of endogenous inhibitors. I have confirmed the report (7) that activity is associated with a mitochondrial fraction in leaves (Table  IV) , but the activity and specific activity shown here is far higher than previously described. I also observed that when an extract of leaves of Nicotiana sylvestris was fractionated by percoll gradient centrifugation (16) , isocitrate lyase activity closely followed the cytochrome oxidase activity used as a mitochondrial marker. Table IV shows that by freezing a mitochondrial suspension and then thawing and centrifuging again, an amount of activity similar to that remaining in the residue may be extracted. The mitochondrial activity was thus at least 9,mol/g fresh weight-h, and the specific activity in the mitochondrial supernatant fraction was enriched at least 3-fold compared to the residue. The K,,, for natural isocitrate by the mitochondrial supernatant fraction was about 0.14 mM.
Although isocitrate lyase activity is associated with mitochondria, the greatest proportion of activity in dialyzed subcellular fractions obtained by differential centrifugation was found in the supernatant fraction (Table V) (Fig.  1) . Glycolate formed in 21% O. had about 50% greater than equal-labeling in C-2 (Tables I-III) , while glycolate produced photosynthetically from "CO, is equally labeled (25) . Under steady state photosynthesis in 1% 02 the glycolate synthesized was labeled still more asymmetrically in C-2 (about 80% greater than equal-labeled), probably because at low 02 the rate of glycolate synthesis from CO_ and the Calvin cycle is much slower (though CO, fixation increases) and the pathway of glycolate formation from pyruvate is less O-dependent.
If on supplying [3-'4C] pyruvate the specific radioactivity in C-2 of glycolate were the same in 21% 02 and 1% O0, it would suggest that the pyruvate pathway had an 0-dependency similar to the pathway involving ribulose-1, 5-bisphosphate carboxylase/ oxygenase. However, if the specific radioactivity in C-2 of glycolate were greater in 1 O, it would indicate that the pyruvate pathway was less 0-dependent than the mechanism associated with CO, fixation. In Tables I and II (as well as (25) . When [3,4-'4C]isocitrate was fed to excised tobacco leaves in the dark, the specific radioactivity in succinate was about one-quarter that of the isocitrate administered (19) , a result consistent with the presence of isocitrate lyase activity. The enzyme appears to be associated with mitochondria (Tables V and VI) as previously suggested (7) , although the largest amount of activity was found in the supernatant fraction (Table VI) and it may also be located in other subcellular sites. The total activity found, at least 35 ,tmol/g fresh weight-h (Table V) , would be similar to the rate of dark respiration or greater. The data presented here demonstrate the existence of a sequence of reactions ( Fig. 1) (26) .
